Background--Available data are inconsistent regarding factors influencing plasma cholesterol homeostasis marker concentrations and their value in predicting subsequent cardiovascular disease (CVD) events.
H igh low-density lipoprotein cholesterol (LDL-C) and triglyceride concentrations and low high-density lipoprotein cholesterol (HDL-C) concentrations are established risk factors for cardiovascular disease (CVD). 1 Cholesterol concentrations within the circulatory pool are products of input from gut absorption and endogenous synthesis relative to clearance through hepatic and extrahepatic tissue pathways. 2 A disruption in any of these mechanisms can alter this balance, which is reflected in plasma cholesterol concentrations and subsequent CVD progression. 3, 4 The importance of cholesterol synthesis as a regulator of plasma LDL-C concentrations has been demonstrated through studies reporting an inverse relationship between 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase inhibitors (statin therapy) and cholesterol synthesis rates, [5] [6] [7] [8] [9] [10] and dietary cholesterol and de novo biosynthesis rates. 11 Similarly, studies have demonstrated that altering the efficiency of cholesterol absorption plays a critical role in determining LDL-C and HDL-C concentrations. 12, 13 Using circulating indicators of cholesterol homeostasisplasma phytosterol and cholestanol concentrations, which are validated markers of cholesterol absorption, and squalene, desmosterol, and lathosterol concentrations, which are validated markers of cholesterol synthesis [13] [14] [15] -we have previously documented in patients with coronary artery disease that LDL-C concentrations were positively associated with cholesterol synthesis markers and negatively associated with cholesterol absorption markers. 16 In contrast, HDL-C concentrations were negatively associated with cholesterol synthesis markers and positively associated with absorption markers. Interestingly, a positive association between HDL-C concentrations and cholesterol absorption efficiency has been reported in obese and hypercholesterolemic individuals without heart disease. 17 Given this association between cholesterol homeostasis and plasma lipoprotein concentrations, we and others have started assessing whether cholesterol absorption and synthesis are also associated with prevalent CVD. Results from these cross-sectional case-control studies have been equivocal with some studies reporting that higher cholesterol absorption and/or lower cholesterol synthesis marker concentrations are associated with increased, [18] [19] [20] [21] [22] [23] [24] [25] decreased, 26, 27 or no difference in [28] [29] [30] CVD risk. Of note, the cohorts used in these studies differed in baseline characteristics, including mean age, body mass index (BMI), and plasma lipoprotein profile, all of which could affect the stage of the disease and thus the magnitude or direction of the associations observed. Also, limits in sample sizes and study duration have potentially precluded assessment of the prognostic value of the cholesterol homeostasis markers on CVD events. The overall objective of the present study was to determine prospectively the validity of cholesterol absorption and synthesis markers as predictors of CVD events during a 10-year period in Framingham Offspring Study (FOS) participants without prevalent CVD at baseline and not taking lipidlowering medication. A secondary objective was to assess cross-sectionally the relationship between markers of cholesterol absorption/synthesis and established CVD risk factors.
Methods Study Population
The FOS is a longitudinal community-based study initiated in 1971 with a sample of 5135 men and women, consisting of the offspring of the original Framingham Heart Study cohort 31 and their spouses. Of the 3532 participants who underwent a standardized medical history and physical examination at the sixth examination cycle (1995-1998), we identified 1785 women and 1593 men without CVD (<5% carotid stenosis and no myocardial infarction, coronary insufficiency, angina pectoris, peripheral artery disease, heart failure, or stroke before the sixth examination cycle) who were not taking lipid-lowering medications (statins, cholestyramine, niacin, or fibrates). Plasma samples for measurement of cholesterol homeostasis markers were available for 1463 women and 1153 men. The baseline characteristics of subjects with and without cholesterol homeostasis data were similar. This study was approved by the institutional review boards for human research at Tufts University-Tufts Medical Center and Boston University.
CVD Outcomes
"Hard" coronary heart disease (HCHD) was defined as a composite of coronary death and myocardial infarction. Full CVD was defined as HCHD plus stroke (atherothrombotic infarction, hemorrhagic stroke, and transient ischemic attack), coronary insufficiency and angina pectoris, peripheral artery disease (intermittent claudication), and congestive heart failure. 32 HCHD and full CVD events were confirmed by medical histories, physical examinations at the study clinic, hospitalization records, and communication with personal physicians as previously described.
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Anthropometric and Biochemical Measures
Height, weight, and waist circumference were measured with the subject standing. BMI was calculated (kg/m 2 ). Subjects were classified as hypertensive if their diastolic blood pressure was ≥85 mm Hg or systolic blood pressure was ≥130 mm Hg or if use of antihypertensive medications was reported. Current smokers were defined as those who reported smoking ≥1 cigarette per day during the previous year. Estrogen use was classified as current or no use at the time of the examination. Diabetes was defined as fasting glucose ≥126 mg/dL or use of insulin or oral hypoglycemic medications. Metabolic syndrome (MetS) was defined as having ≥3 of the following individual components: abdominal obesity (for men, waist circumference ≥102 cm; for women, waist circumference ≥88 cm), low HDL-C (for men, <40 mg/dL; for women, <50 mg/dL), elevated blood pressure (≥130/85 mm Hg) or treatment of hypertension, elevated glucose (≥100 mg/dL) or treatment of hyperglycemia, and elevated triglyceride levels (≥150 mg/dL) or treatment for hypertriglyceridemia. Fasting plasma total cholesterol, HDL-C, triglyceride, and glucose concentrations were measured using standard enzymatic methods, as previously described. 33, 34 LDL-C concen-as previously described. 16, 36 
Statistical Analyses
All variables were summarized using means and SEM. Twosample t test was used to compare cholesterol homeostasis markers between women and men. ANOVA was used to determine the equality of mean cholesterol homeostasis markers among different categories. Sex-specific Cox proportional hazards models were used to relate the cholesterol homeostasis markers to the incidence of a first CVD event during a maximum follow-up period of 10 years after confirming that the assumption of proportionality of hazards was met. We focused on HCHD as the primary outcome and full CVD as a secondary outcome. Covariates included in the Cox models were age, BMI, blood pressure, antihypertensive medication, LDL-C, HDL-C, triglycerides, smoking, and diabetes status. Estrogen use was not included because there was no statistical difference in the cholesterol homeostasis markers between premenopausal and postmenopausal women. Triglyceride concentrations and all cholesterol homeostasis markers were log-transformed in the models to correct for their skewed distributions and standardized to express the results on a comparable scale. All analyses were performed using SAS version 9.2 or higher, and P values <0.05 were considered statistically significant.
Results
Cholesterol Homeostasis Markers and CVD Outcomes
There was a marked difference in the relationship of cholesterol synthesis markers and HCHD risk between women and men. Figure 1A ). In contrast to the cholesterol synthesis markers, cholesterol absorption markers were not predictive of HCHD in either women or men ( Figure 1B ). The cholesterol synthesis:absorption ratios ( Figure 1C ) tended to be lower in women and associated with higher risk in men, but only the lathosterol: sitosterol ratio reached significance in the women (HR=0.66 [0.4 to 0.9]). These ratios provide an overall assessment of cholesterol homeostasis because they take into account the relative contributions of cholesterol synthesis as well as absorption. 37 We also assessed the prognostic value of the cholesterol homeostasis markers and full CVD (a composite of HCHD plus stroke, coronary insufficiency and angina pectoris, Figure 1 . Multivariable-adjusted hazard ratios for cholesterol synthesis markers (A), cholesterol absorption markers (B), cholesterol synthesis:absorption ratios (C), and "hard" coronary heart disease (coronary death and myocardial infarction) based on Cox proportional hazards model. Error bars represent 95% CIs.
peripheral artery disease, and congestive heart failure). No significant associations were observed ( Figure 2A through 2C); however, the sex-specific trends observed for HCHD were similar to those observed with full CVD events, with the cholesterol synthesis markers being associated with lower risk in women and higher risk in men. Of note, the multivariable model adjusted for lipid parameters including LDL-C. Similar results were obtained when LDL-C was not included in the model. In addition, to determine if the cholesterol homeostasis markers could be used for risk prediction above and beyond LDL-C, we calculated the net reclassification improvement after the addition of each marker into the model. Results suggest that there might be some improvement in risk classification for women when squalene was added to the model (0.1298 [À0.0188 to 0.5554]; net reclassification improvement with 95% CIs), but it was widely variable, possibility due to the smaller number of events in our cohort. No improvement was observed with the other cholesterol synthesis markers.
Cholesterol Homeostasis Markers and CVD Risk Factors
In cross-sectional analysis, marked differences on the basis of sex were observed in cholesterol homeostasis marker concentrations that were not explained by differences in BMI (Table 1) . On average, women had significantly lower concentrations of all cholesterol absorption markers assessed compared with men (P<0.01). Among the cholesterol synthesis markers, squalene was significantly higher (P<0.01) in women than in men, whereas desmosterol (P<0.0001), but not lathosterol, was significantly lower in women. Regardless of these differences, the ratios of lathosterol to campesterol, sitosterol, and cholestanol were not significantly different between women and men.
In both women and men, older age was associated with higher desmosterol and lathosterol concentrations and lower squalene, campesterol, and sitosterol concentrations (Tables 2 and 3 ; correlations provided in Table 4 ). Women with higher BMI values (≥30 kg/m 2 ) and waist circumferences (≥88 cm) had higher desmosterol and lathosterol concentrations and lower campesterol and sitosterol concentrations. Men with higher BMI values (≥30 kg/m 2 ) and waist circumferences (≥102 cm) also had lower campesterol and sitosterol concentrations but, in contrast to women, without an apparent compensatory change in cholesterol synthesis marker concentrations. There was some indication that smoking status was associated with altered cholesterol absorption but not synthesis marker concentrations. Among smokers, women had higher campesterol concentrations, whereas men had lower sitosterol and higher cholestanol concentrations. Regardless of sex, participants with high blood pressure (≥130/≥85 mm Hg) and high glucose (≥100 mg/dL) concentrations had lower campesterol and sitosterol concentrations. However, women with high blood pressure and high glucose concentrations also had differences in the cholesterol synthesis marker concentrations characterized by lower squalene and higher desmosterol and a trend toward higher lathosterol concentrations. Such relationships or trends in relationships were not observed in the men.
With regard to plasma lipid profiles (Tables 2 and 3) , lower cholesterol absorption (campesterol and sitosterol concentrations) was associated with higher triglyceride and lower HDL-C concentrations, whereas lower cholesterol synthesis (squalene, desmosterol, and lathosterol concentrations) was associated with higher LDL-C concentrations in both women and men. Sex differences were observed in non-HDL-C and triglyceride concentrations. In women, lower cholesterol Figure 2 . Multivariable-adjusted hazard ratios for cholesterol synthesis markers (A), cholesterol absorption markers (B), cholesterol synthesis:absorption ratios (C), and full cardiovascular disease ("hard" coronary heart disease plus stroke, coronary insufficiency, angina pectoris, peripheral artery disease, and congestive heart failure) based on Cox proportional hazards model. Error bars represent 95% CIs. synthesis and absorption marker concentrations were associated with higher non-HDL-C concentrations, whereas in men, higher lathosterol concentrations were associated with higher triglyceride concentrations.
Given the association between the cholesterol absorption/ synthesis markers and several CVD risk factors that comprise or contribute to MetS and type 2 diabetes, we further assessed whether the presence or absence of these metabolic conditions was related to differences in cholesterol homeostasis (Tables 2 and 3 ). Women and men classified as having MetS or diabetes had lower campesterol and sitosterol concentrations (both P<0.05) and higher desmosterol and lathosterol concentrations (P<0.05 for desmosterol and lathosterol in women; P<0.05 for lathosterol in men). Squalene concentrations were lower in women with MetS (À4.5%, P=0.02) but higher in men with MetS (5%, P=0.04) compared with their counterparts not classified as having MetS. Similarly, diabetic women had higher desmosterol concentrations (21%, P<0.01), whereas diabetic men had lower squalene concentrations (À7%, P=0.04) with no difference in desmosterol or lathosterol concentrations.
Discussion
In cross-sectional analyses from this community-based observational study, significant differences in cholesterol absorption and synthesis markers by sex, age, BMI, blood pressure, lipoprotein concentrations, smoking, and metabolic status were observed. When studied prospectively during a 10-year period, after controlling for standard CVD risk factors, the cholesterol synthesis markers predicted HCHD; however, sex-specific differences were observed. In women, squalene was associated with lower risk of coronary death and incidence of myocardial infarction, whereas in men, it was associated with higher risk of coronary death and incidence of myocardial infarction.
To our knowledge, this is the largest and most comprehensive study to date to examine the relationship between cholesterol homeostasis marker concentrations and CVD risk factors and events. To adequately address the primary and secondary aims of this work, we measured one cholesterol synthesis marker, squalene, formed as an early intermediate in the biosynthetic pathway, as well as 2 cholesterol synthesis markers formed from squalene later in the biosynthetic pathway, desmosterol and lathosterol, representing 2 alternate cholesterol biosynthetic pathways (Figure 3 ). In the Kandutsch-Russell pathway, lathosterol is a precursor of cholesterol, and in the Bloch pathway, desmosterol is a precursor of cholesterol. It is thought that these pathways may be independently regulated. 38 Among the cholesterol absorption markers, we measured campesterol and sitosterol, which are derived from the diet, as well as cholestanol, a 5a saturated derivative of cholesterol, which is not influenced by dietary intake. Several case-control studies have assessed the relationship between cholesterol homeostasis marker concentrations and prevalent CVD risk, but the results have been inconsistent. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] Data are more limited regarding the association between cholesterol homeostasis markers and CVD events. Among the 4 studies identified, the Drugs and Evidence BAsed medicine in The Elderly (DEBATE) study 39 included 247 women and 149 men aged >75 years with documented CVD which followed 232 middle-aged men with CVD and not using statin therapy for a period of 22 years. In multivariate analysis, men in the highest sitosterol tertile had a 42% to 47% lower mortality rate (HR=0.51 [0.3 to 0.9]) than those in the highest desmosterol to sitosterol tertile and had a 67% higher mortality rate (HR=1.67 [1.1 to 2.5]) than those men in the lowest tertiles. Taken together, these results suggest that higher cholesterol synthesis and lower absorption predict long-term mortality. In contrast, low cholesterol synthesis and low cholesterol absorption were associated with higher mortality in 1 of the 2 studies. Expanding the previous data sets available on cholesterol homeostasis markers and CVD risk factors and outcomes, our study identified notable sex-specific associations between some of the cholesterol synthesis marker concentrations and HCHD. In women, squalene was associated with a 30% lower incidence of myocardial infarction and coronary death. Desmosterol (29%) and lathosterol (28%) showed similar but nonsignificant protective trends. In men, squalene was associated with 40% higher risk of coronary death and myocardial infarction. Desmosterol (19%) and lathosterol (26%) showed similar risk trends. Sex-specific differences were not observed in the LURIC study; however, given the age of the cohort, it might have been difficult to tease out these Continued differences. The other 2 studies were not powered to determine sex-specific associations. We did not find an association between cholesterol absorption markers and HCHD or full CVD. In our cross-sectional analysis, women had lower concentrations of the absorption and synthesis markers compared with men, and this was not explained by differences in BMI. This is consistent with some, 26, 27, 42 but not all, of the prior data available. 20, 25, 43 As indicated previously, limited sample size in several of the prior studies may have precluded analysis on the basis of sex. A novel finding of the present work is that squalene concentrations were markedly higher in women relative to men. Squalene can be obtained in small amounts from foods (eg, olive oil), but because this was not a predominant component of the diet, the higher concentrations in women most likely reflect lower conversion to cholesterol via the sterol pathways than in men. Were this hypothesis correct, it could also account for the lower desmosterol and lathosterol concentrations observed in men compared with women in our cohort.
Increasing age was associated with lower squalene and higher desmosterol and lathosterol concentrations, a finding observed in both sexes. Consistent with prior reports, we also observed that higher cholesterol synthesis marker concentrations were associated with lower absorption marker concentrations. 19, 20, 40, 42 Changes in body composition (loss of lean protein mass and increase in fat mass) could partially account for these age-related changes. 44 This hypothesis is supported by our findings of lower cholesterol absorption marker concentrations in men and women and of higher synthesis marker concentrations in women with higher BMI values and waist circumferences, as well prior observations in obese subjects 17, [45] [46] [47] and those with MetS 48,49 and diabetes. [50] [51] [52] [53] Lower cholesterol absorption marker concentrations were associated with higher triglyceride and lower HDL-C concentrations, whereas lower cholesterol synthesis marker concentrations were associated with higher LDL-C concentrations, in both women and men. These results are consistent with previous reports that have had the power to address sex differences. 20, 22, 26 The inverse association between cholesterol synthesis marker concentrations and plasma LDL-C concentrations has been attributed to upregulation of the LDL receptor, which, in turn, increases internalization of LDL from the circulation leading to release of cholesterol into the cell, thereby downregulating HMG-CoA reductase activity, the rate-limiting enzyme in cholesterol biosynthesis. 54 The association between non-HDL-C concentrations and cholesterol homeostasis marker concentrations was also assessed in the present study given the strong association between non-HDL-C and the pathophysiology of atherosclerosis 55 and the documented sex-specific difference in non-HDL-C concentrations between women and men. 56 Our results indicate that the lower non-HDL-C concentrations in women are associated with lower cholesterol synthesis and absorption.
Although the regulatory mechanisms of cholesterol homeostasis have been established, little data are available to speculate on the mechanism(s) responsible for the sex-specific differences observed. HMG-CoA reductase activity, the ratelimiting enzyme in cholesterol biosynthesis, has been reported to be is lower in women than in men. 57 It has been suggested that this factor contributes, in part, to a lower lifetime burden of cholesterol in women 41 and, thus, lower event rates. Consistent with these data, in our cohort, squalene and, to a lesser extent, desmosterol and lathosterol were associated with a lower risk of HCHD in women but not in men. These markers are intermediates of cholesterol biosynthesis that have been correlated with HMG-CoA reductase activity. 58 A limitation of this study is that the associations observed could have been influenced by factors that we were not able to control for, such as genotype. Second, the phytosterol content of the diets could not be assessed. However, plasma samples were collected before the introduction of phytosterol-enriched products into the marketplace, which would eliminated this potential source of confounding. Third, only a single determination of cholesterol absorption and synthesis markers was made during cycle 6, which could have been responsible for some of the variability in the data. To minimize this variation, only fasted samples collected according to a strict protocol within a specified timeframe were used. Finally, the FOS population studied was predominantly white, so care must be taken in extrapolating the results to other populations.
In conclusion, our results suggest significant sex differences in the 10-year prognostic value of cholesterol synthesis markers, specifically squalene, on coronary death and incidence of myocardial infarction (HCHD). This could have implications in the management of CVD risk and choice of lipid-lowering therapy, including newer agents such as the squalene synthase inhibitors. 
